1. Introduction {#sec1-ijms-20-03471}
===============

Granulosa cell tumors of the ovary (GCT) are the predominant type of ovarian sex cord/stromal tumors that account for 3--5% of all malignant ovarian tumors \[[@B1-ijms-20-03471]\]. Although prognosis is generally favorable, the outcome for advanced and recurrent GCT is poor \[[@B1-ijms-20-03471],[@B2-ijms-20-03471],[@B3-ijms-20-03471]\]. The rate of GCT recurrence has been reported to be 10--28% and approximately 80% of patients who relapse will succumb to disease \[[@B3-ijms-20-03471],[@B4-ijms-20-03471],[@B5-ijms-20-03471]\]. Surgery is the predominant form of treatment for patients with early stage disease, and chemotherapy is used to treat recurrent or metastatic disease \[[@B1-ijms-20-03471],[@B3-ijms-20-03471],[@B4-ijms-20-03471]\]. However, there is no standard treatment for relapsed GCT patients. A better understanding of the molecular pathogenesis of GCT is critical to developing effective therapeutic strategies. GCT is believed to arise from proliferating granulosa cells of the periovulatory follicle. It is classified into two distinct forms: Adult GCT (AGCT) and juvenile GCT (JGCT) with AGCT accounting for 95% of GCT cases \[[@B4-ijms-20-03471]\]. AGCT and JGCT present distinct genetic alterations, pathological features, and clinical behaviors \[[@B4-ijms-20-03471],[@B6-ijms-20-03471]\]. A somatic missense mutation, 402C\>G (C134W), in the *FOXL2* gene was identified in 97% of AGCT, but not in JGCT \[[@B7-ijms-20-03471]\]. Mutant FOXL2 retains some functions of wild-type FOXL2, but also shows altered functions, suggesting a role for mutated FOXL2 in the pathogenesis of AGCT \[[@B8-ijms-20-03471],[@B9-ijms-20-03471],[@B10-ijms-20-03471]\].

Runt-related transcription factors (RUNX1--3) play an important role in normal tissue development and in cancer \[[@B11-ijms-20-03471],[@B12-ijms-20-03471],[@B13-ijms-20-03471]\]. RUNX proteins bind to a specific DNA sequence and form a heterodimer with CBFβ/PEBP2β (core-binding factor-β subunit/polyomavirus enhancer-binding protein 2 β subunit) to regulate the expression of their target genes \[[@B14-ijms-20-03471]\]. Studies in recent years using in vitro and in vivo models in mice and rats have revealed a critical role for RUNX proteins and CBFβ in granulosa cells. *Runx1* and *Runx2* are induced by luteinizing hormones (LH) in periovulatory granulosa cells and concurrently regulate gene expression in luteinizing granulosa cells during ovarian folliculogenesis \[[@B15-ijms-20-03471],[@B16-ijms-20-03471],[@B17-ijms-20-03471],[@B18-ijms-20-03471]\]. *Runx3* is also expressed in granulosa cells and regulates folliculogenesis and steroidogenesis in granulosa cells of mice; Runx3 knockout mice are anovulatory \[[@B19-ijms-20-03471],[@B20-ijms-20-03471]\]. Granulosa cell-specific knockout of *Cbfb*, which encodes the heterodimeric partner of RUNX proteins, CBFβ, alters the expression of the genes in ovulatory follicles and results in loss of fertility in female mice \[[@B21-ijms-20-03471],[@B22-ijms-20-03471]\]. These studies indicate that RUNX proteins, as well as CBFβ, concurrently regulate the expression of the genes that are involved in the ovulation of follicles and differentiation of luteinizing granulosa cells, and thus regulate ovulation and luteal development and function.

RUNX proteins are either tumor suppressors or oncogenes in human cancers \[[@B23-ijms-20-03471]\]. Accumulating evidence indicates that RUNX proteins and CBFβ play an oncogenic role in epithelial ovarian cancer (EOC); they promote growth, migration, and invasion, as well as carboplatin resistance, in EOC \[[@B24-ijms-20-03471],[@B25-ijms-20-03471],[@B26-ijms-20-03471],[@B27-ijms-20-03471],[@B28-ijms-20-03471],[@B29-ijms-20-03471]\]. Despite the well-documented functions of RUNX proteins and CBFβ in the normal physiology of granulosa cells, it is unknown whether they play a role in pathogenesis of GCT. One previous study showed that the promoter of RUNX3 is methylated, resulting in the silencing of its expression in 56% of human GCT \[[@B30-ijms-20-03471]\]. In the present study, we examined the expression of RUNX proteins and CBFβ in human GCT cell lines and determined that RUNX3 promotes the tumorigenic phenotypes in GCT cells.

2. Results {#sec2-ijms-20-03471}
==========

2.1. Expression of RUNX Proteins in GCT and Immortalized Granulosa Cell Lines {#sec2dot1-ijms-20-03471}
-----------------------------------------------------------------------------

Currently, there are only two GCT cell lines available: KGN (an AGCT cell line) and COV434 (a JCGT cell line). To determine whether RUNX proteins are involved in pathogenesis of GCT, we first examined their expression in the two GCT cell lines and an immortalized human granulosa cell line (SVOG). Immunoblotting showed that RUNX1 and CBFβ were expressed in all cell lines, whereas RUNX2 was expressed in KGN and SVOG, but not in COV434 ([Figure 1](#ijms-20-03471-f001){ref-type="fig"}A). RUNX3 was expressed at a high level in COV434 cells, but was not detectable in SVOG and KGN cells ([Figure 1](#ijms-20-03471-f001){ref-type="fig"}A). The two bands of RUNX3 in COV434 cells likely correspond to the two major isoforms of RUNX3 (p44 and p46), as observed in other types of cells \[[@B24-ijms-20-03471],[@B29-ijms-20-03471],[@B31-ijms-20-03471]\]. All three RUNX proteins were predominantly localized to the nucleus of these cells ([Figure 1](#ijms-20-03471-f001){ref-type="fig"}B), which is consistent with the function of RUNX proteins as transcription factors.

2.2. RUNX3 Promotes Cell Growth and Migration in KGN Cells {#sec2dot2-ijms-20-03471}
----------------------------------------------------------

Our finding that RUNX3 is highly expressed in COV434 cells prompted us to examine whether aberrant RUNX3 expression contributes to the tumorigenesis of GCT. One previous study showed that the promoter of the *RUNX3* gene is methylated in 15 out of 25 human GCT tissues and in KGN cells \[[@B30-ijms-20-03471]\], causing RUNX3 silencing. However, that study did not investigate the biological function of RUNX3 in GCT. To address this question, we stably transduced KGN cells with an empty vector or a vector expressing RUNX3-FLAG (RUNX3 protein was FLAG tagged) to generate KGN/Vector and KGN/RUNX3 cells as we have done previously \[[@B29-ijms-20-03471]\]. Ectopic expression of RUNX3 in KGN cells was confirmed by immunoblotting, using an anti-RUNX3 antibody ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}A). Expression of two RUNX3 bands by this vector is consistent with studies published by others and us \[[@B24-ijms-20-03471],[@B29-ijms-20-03471],[@B31-ijms-20-03471]\]. Functional assays showed that RUNX3 increased cell growth ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}B), colony formation in soft agar (measurement of cellular transformation) ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}C), and motility of KGN cells ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}D). Quantification of the scratch assay results of three independent experiments showed RUNX3 increased the motility of KGN cells by 59% (*n* = 3, *p* \< 0.05). Taken together, our results indicate that expression of RUNX3 promotes the in vitro tumorigenic phenotypes in KGN cells.

2.3. RUNX3 Regulates the Expression of Cyclin D2 and CDK Inhibitor p27^Kip1^ in KGN Cells {#sec2dot3-ijms-20-03471}
-----------------------------------------------------------------------------------------

Two cell cycle regulators, Cyclin D2 and CDK inhibitor p27^Kip1^, are involved in the proliferation and survival of GCT cells \[[@B32-ijms-20-03471],[@B33-ijms-20-03471],[@B34-ijms-20-03471]\] and the balance between cyclin D2 and p27^Kip1^ has been shown to determine the proliferation and differentiation of granulosa cells \[[@B35-ijms-20-03471]\]. Our immunoblotting showed that RUNX3 upregulated the expression of cyclin D2 at both the mRNA (by 2.7 times, [Figure 2](#ijms-20-03471-f002){ref-type="fig"}E) and protein ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}F) levels in KGN cells. Interestingly, RUNX3 decreased p27^Kip1^ protein by 58% (*n* = 3, *p* \< 0.05) ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}F) without changing its mRNA level in KGN cells ([Figure 2](#ijms-20-03471-f002){ref-type="fig"}E). Our results suggest that RUNX3 increases proliferation by regulating the expression of cell cycle regulators in KGN cells.

2.4. RUNX3 Enables KGN Cells to Form Subcutaneous Tumors {#sec2dot4-ijms-20-03471}
--------------------------------------------------------

KGN cells have been shown to have a limited capacity to form xenografts in mice \[[@B36-ijms-20-03471],[@B37-ijms-20-03471],[@B38-ijms-20-03471]\]. To determine whether RUNX3 promotes KGN tumor formation in a mouse xenograft model, we subcutaneously injected KGN/Vector and KGN/RUNX3 cells into contralateral flanks of female NSG (NOD-*scid* IL2R-gamma^null^) mice and monitored tumor formation twice a week by palpation for up to 185 days. Interestingly, four out of six injections of KGN/RUNX3 cells, but none of the six KGN/Vector injections, formed small tumors ([Figure 3](#ijms-20-03471-f003){ref-type="fig"}A). We then dissociated tumors into single cells and expanded them in culture. Cells from all four tumors proliferated well in culture and displayed the same morphology as unmodified KGN/RUNX3 cells ([Supplementary Materials](#app1-ijms-20-03471){ref-type="app"}, [Figure S1](#app1-ijms-20-03471){ref-type="app"}). We confirmed that these tumor-derived cells were indeed KGN/RUNX3 cells by detecting expression of RUNX3-FLAG, as determined by immunoblotting, using a specific RUNX3 antibody or an anti-FLAG antibody ([Figure 3](#ijms-20-03471-f003){ref-type="fig"}B), as well as by quantitative reverse transcription-PCR (qRT-PCR) using primers specific to human RUNX3 (data not shown). Our results suggest that expression of RUNX3 increases the capacity of KGN cells to form tumors in mice.

2.5. Overexpression of dnRUNX3 Decreases Growth of COV434 Cells {#sec2dot5-ijms-20-03471}
---------------------------------------------------------------

Because COV434 cells express a high level of RUNX3, we wanted to determine whether the elevated expression of RUNX3 affects the behavior of COV434 cells. We stably transfected COV434 with an empty vector pcDNA3.1 or pCDNA-FLAG-RUNX3 (1--187) (a dominant negative form of RUNX3, dnRUNX3) to generate COV434/Vector and COV434/dnRUNX3 cells. Expression of dnRUNX3 was confirmed by immunoblotting, using a FLAG antibody ([Figure 4](#ijms-20-03471-f004){ref-type="fig"}A). The neutral red uptake assay showed that the inhibition of RUNX3 by dnRUNX3 decreased proliferation of COV434 cells ([Figure 4](#ijms-20-03471-f004){ref-type="fig"}B), which is in line with increased cell growth caused by RUNX3 re-expression in KGN cells.

2.6. Expression of RUNX Proteins in Human GCT Tissues {#sec2dot6-ijms-20-03471}
-----------------------------------------------------

Next, we examined the expression of RUNX proteins in samples of adult and juvenile human GCT tissues. Immunoblotting showed that RUNX2 was expressed at a high level and RUNX1 at a variable level in 11 AGCT samples from the Alberta Cancer Research Biobank. In contrast, we detected RUNX3 at low levels in 11 AGCT tissues obtained from the Alberta Cancer Research Biobank, but in none of the six AGCT from Baylor College of Medicine Tissue Repository ([Figure 5](#ijms-20-03471-f005){ref-type="fig"}A,B). Similarly, RUNX2 expression, but not RUNX3, was detected in all three normal ovarian tissues and all five JGCT samples obtained from Baylor College of Medicine ([Figure 5](#ijms-20-03471-f005){ref-type="fig"}B). qRT-PCR detected a variable mRNA level of RUNX1--3 in the samples from the Baylor College of Medicine ([Figure 5](#ijms-20-03471-f005){ref-type="fig"}C). Consistent with the immunoblotting results shown in [Figure 1](#ijms-20-03471-f001){ref-type="fig"}A, COV434 cells expressed the lowest level of RUNX2 and the highest level of RUNX3 among the samples ([Figure 5](#ijms-20-03471-f005){ref-type="fig"}C). Taken together, our results suggest that expression of RUNX3 may not be a common event in human GCT.

3. Discussion {#sec3-ijms-20-03471}
=============

Multiple signaling pathways that are involved in the biology of normal granulosa cells are implicated in the pathogenesis of GCT \[[@B4-ijms-20-03471]\]. RUNX1--3 and CBFβ are critical factors in regulating the biology of granulosa cells \[[@B15-ijms-20-03471],[@B16-ijms-20-03471],[@B17-ijms-20-03471],[@B18-ijms-20-03471],[@B19-ijms-20-03471],[@B20-ijms-20-03471],[@B21-ijms-20-03471],[@B22-ijms-20-03471]\]; however, their role in tumorigenesis of GCT is unknown. In this study, we found that RUNX1, RUNX2, and CBFβ are expressed in SVOG and KGN cells, but RUNX2 expression is lost and RUNX3 is highly expressed in the JGCT cell line, COV434 cells. We therefore wanted to determine whether RUNX3 is implicated in the pathogenesis of GCT, in particular, JGCT. Because KGN is the only other GCT cell line available nowadays, we wanted to determine the impact of RUNX3 expression on the behavior of this cell line. A previous study showed that the promoter of the *RUNX3* gene was methylated in 14 out of 25 (56%) GCT patient tissues, as well as in KGN cells. *RUNX3* mRNA became detectable in KGN cells after 5-aza-2′-deoxycytidine (a demethylating agent) treatment \[[@B30-ijms-20-03471]\] as further evidence that RUNX3 is silenced by promoter methylation. In addition to promoter methylation, RUNX3 expression and function are also regulated via posttranslational modifications, including phosphorylation, acetylation, and ubiquitination \[[@B39-ijms-20-03471],[@B40-ijms-20-03471],[@B41-ijms-20-03471]\]. RUNX3 can be a tumor suppressor or an oncogene, depending on the cancer type \[[@B23-ijms-20-03471]\]. In this study, we demonstrate that re-expression of RUNX3 in KGN cells promotes cell growth, colony formation, and migration in vitro, as well as tumor formation in mice, which likely involves regulating the expression of cyclin D2 and p27^Kip1^, two key cell cycle regulators in GCT \[[@B32-ijms-20-03471],[@B33-ijms-20-03471],[@B34-ijms-20-03471]\]. Our results thus suggest that RUNX3, when expressed, could play an oncogenic role in GCT. Mechanistically, RUNX3 upregulates cyclin D2 at the mRNA level, whereas RUNX3 over-expression results in down-regulation of p27^Kip1^, likely via post-translational regulation, because RUNX3 decreases p27^kip1^ protein level without changing its mRNA level in KGN cells. Indeed, it has been well documented that although p27^Kip1^ expression is regulated by both transcriptional and post-translational mechanisms, post-translational modification that alters E3 ubiquitin ligase-mediated protein degradation is the predominant mechanism to control p27^kip1^ protein level \[[@B42-ijms-20-03471]\]. Additional experiments are warranted to define the mechanisms by which RUNX3 regulates cyclin D2 and p27^Kip1^ expression in GCT in detail.

In general, the majority of GCT cases are diagnosed at the early stages when tumors are still localized and indolent \[[@B1-ijms-20-03471],[@B2-ijms-20-03471],[@B3-ijms-20-03471]\]. With surgery as the standard treatment, the 10-year survival rate for stage I GCT can be up to 96% \[[@B1-ijms-20-03471],[@B2-ijms-20-03471],[@B3-ijms-20-03471]\]. However, the outcome for advanced and recurrent GCT is poor \[[@B1-ijms-20-03471],[@B2-ijms-20-03471],[@B3-ijms-20-03471]\]. It has been reported that the rate of GCT recurrence is 10--28% and approximately 80% of patients who relapse will succumb to disease \[[@B3-ijms-20-03471],[@B4-ijms-20-03471],[@B5-ijms-20-03471]\]. Beyond surgery, there is no standard treatment for recurrent GCT patients and current therapeutic regimes are ineffective in treating recurrent GCT. Development of novel therapies is hindered by the lack of a preclinical in vivo model for this disease \[[@B43-ijms-20-03471]\]. Thus far, only a few studies reported mouse xenograft models using KGN cells, and in these studies, KGN cells formed small tumors with delayed growth \[[@B36-ijms-20-03471],[@B37-ijms-20-03471],[@B38-ijms-20-03471]\]. It is our future interest to develop mouse xenograft models by repeated in vivo passaging of these KGN/RUNX3 tumors in mice, in order to establish a KGN xenograft model with a faster tumor growth that would be suitable for therapeutic drug testing \[[@B43-ijms-20-03471]\].

Our results show that expression of a dominant--negative form of RUNX3 decreased cell growth in COV434 cells. However, a recent study suggested that COV434 cells may be misidentified and are possibly a small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) cell line \[[@B44-ijms-20-03471]\]. Additionally, the RUNX2 and RUNX3 expression patterns in COV434 do not seem to be representative of the primary JGCT samples examined here, although these were few in number. Because of the current uncertainty in the origin of COV434 cells and until there is further analysis of that cell line, we are limited in our ability to interpret these data with respect to JGCT development.

Another observation was the reciprocal relationship between RUNX2 and RUNX3 expression in COV434 and KGN cells. Whether there is a mutual negative regulation between these two transcription factors would be interesting to examine. Furthermore, our results show that RUNX2 was expressed in all the AGCT and JGCT samples we examined, suggesting that expression of RUNX2 could be an important event in GCT development, and should be further investigated.

One critical question is the importance of RUNX3 in human AGCT, given its variable expression in our study and others \[[@B30-ijms-20-03471]\]. Our immunoblotting and qRT-PCR results show that RUNX3 was only weakly produced in many of the human AGCT samples and not at all in JGCT tissues that we tested. Although β-actin loading was not very even in [Figure 5](#ijms-20-03471-f005){ref-type="fig"}B, as we were not quantitatively comparing the expression of RUNX2/3 between the samples, the β-actin blot was adequate to serve as a loading control to indicate that RUNX2, but not RUNX3, was detected in these human GCT tissues. GCT is a rare tumor and it is very hard to collect human GCT tissues for research, especially the JGCT tissues. Re-running the immunoblotting using the rare and limited quantity samples to get more even β-actin will not change the outcome of the study. Our data suggest that ectopic RUNX3 expression promotes tumorigenicity, but whether it plays an important role in the development of GCT awaits a better understanding of the function of RUNX3 in normal human ovaries. It is possible that RUNX3 may have a folliculogenesis stage-specific or limited expression pattern in human granulosa cells that is not reflected in KGN or the transformed SVOG cell line. Our findings that RUNX3 promotes tumorigenic phenotypes in KGN cells and that RUNX3 is expressed in some AGCT tissues, which are consistent with the report by Dhillon et al. \[[@B30-ijms-20-03471]\], suggest that RUNX3 might play an oncogenic role in a subset of GCT. However, due to the rarity of GCT and the limited availability of human GCT tissues for research, only small sample sizes were analyzed in this study. Additional sample collection via collaboration of multiple institutions, along with broader functional studies, is required to fully uncover any potential role of RUNX3 in the etiology of GCT.

In summary, we demonstrate that RUNX proteins are expressed in GCT cell lines and human GCT specimens, albeit at varying levels, and RUNX3 may play an oncogenic role in a subset of GCT. A recent study showed that targeting RUNX/CBFβ interaction using small molecule inhibitors decreased cell proliferation, motility, and anchorage-independent growth in EOC, suggesting that inhibition of RUNX/CBFβ function could be a potential therapeutic strategy to treat EOC \[[@B45-ijms-20-03471]\]. However, because EOC and GCT are different in cells of origin, pathophysiology, and response to chemotherapy, a better understanding of the role for RUNX/CBFβ in tumorigenesis of GCT is warranted to determine whether targeting RUNX/CBFβ could be a potential therapeutic strategy to treat GCT.

4. Materials and Methods {#sec4-ijms-20-03471}
========================

4.1. Reagents {#sec4dot1-ijms-20-03471}
-------------

Primary antibodies against RUNX1 (\#4334), RUNX2 (\#8486), p27^Kip1^ (\#3698), and PARP (\#9532) were purchased from Cell Signaling Technology (Danvers, MA, USA); antibodies against RUNX3 (ab40278), Cyclin D2 (ab207604), and tubulin (ab59680) were purchased from Abcam (Toronto, ON, Canada); antibodies against FLAG (F1804) and β-actin antibody (A5441) were purchased from Sigma--Aldrich (Oakville, ON, Canada); and the antibody against PEBP2β (CBFβ) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Secondary antibody IRDye 800CW conjugates of donkey anti-rabbit-IgG were purchased from LI-COR Biosciences (Lincoln, NE, USA). Neutral red dye was purchased from Sigma--Aldrich (Oakville, ON, Canada).

4.2. Cell Culture and Gene Transfer {#sec4dot2-ijms-20-03471}
-----------------------------------

KGN, an AGCT cell line that was developed from a stage III primary adult GCT tumor \[[@B46-ijms-20-03471]\], was purchased from the RIKEN Cell Bank and cultured in DMEM/F12 medium. COV434, a JGCT cell line \[[@B47-ijms-20-03471]\], was purchased from Sigma (07071909, Oakville, ON, Canada) and cultured in DMEM medium. The immortalized granulosa cell line SVOG was obtained from the Canadian Ovarian Cell Bank at the BC Cancer Research Centre and cultured in MCDB105/M199 (1:1) in the presence of 0.4 μg/mL hydrocortisone. All medium was supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. KGN cells were stably transduced with empty vector or RUNX3-FLAG to generate KGN/Vector and KGN/RUNX3 cells using retroviral vectors as previously described \[[@B29-ijms-20-03471]\]. To inhibit the activity of RUNX3, we transfected COV434 cells with pcDNA3.1 or pcDNA-FLAG-RUNX3 (1-187) (kindly provided by Yoshiaki Ito, Cancer Science Institute of Singapore) using FuGene HD (Promega Corporation, Madison, WI, USA) and selected stable transformants with 1 mg/mL of G418 (Invitrogen, Waltham, MA, USA). The RUNX3 (1--187) construct expresses a truncated form of RUNX3 that contains the runt domain but lacks the transactivation domain at the carboxyl terminus. RUNX3 (1--187) functions as a dominant--negative form of RUNX3 \[[@B48-ijms-20-03471],[@B49-ijms-20-03471]\] and was therefore referred to as dominant--negative RUNX3 (dnRUNX3) in this study.

4.3. Neutral Red Uptake Assay of Cell Proliferation {#sec4dot3-ijms-20-03471}
---------------------------------------------------

Cells were seeded into 96-well plates at a density of 2000 cells per well. Cell numbers on days 1, 3, 5, and 7 were determined by using the neutral red uptake assay as previously described \[[@B29-ijms-20-03471]\]. Cell proliferation is expressed as fold-change, relative to day 1.

4.4. Soft Agar Assay {#sec4dot4-ijms-20-03471}
--------------------

Cells in 2× RPMI were mixed with an equal volume of 0.7% agarose and layered above an agar base (0.5% agarose), resulting in 10,000 cells in 0.35% agar per dish. The cells were then cultured for 2--3 weeks at 37 °C and under 5% CO~2~. Colonies were stained with 1% crystal violet and counted under a microscope.

4.5. Cell Migration Assay {#sec4dot5-ijms-20-03471}
-------------------------

Cell migration was determined by an in vitro scratch assay as described previously \[[@B50-ijms-20-03471]\]. Images were captured at 0 h and 24 h. The wound areas were quantified using NIH Image J software (ImageJ1, NIH, Bethesda, MD, USA) and expressed as percentages relative to 0 h.

4.6. Preparation of Whole Cell Lysates and Cytosolic/Nuclear Fraction and Immunoblotting {#sec4dot6-ijms-20-03471}
----------------------------------------------------------------------------------------

Whole cell lysates were prepared in a RIPA buffer as described previously \[[@B51-ijms-20-03471]\]. Cytosolic and nuclear fractions were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Scientific, Rockford, IL, USA). Proteins in these samples were quantified using the DC protein assay (Bio-Rad, Mississauga, ON, Canada) and equal amounts of proteins were loaded into each lane for immunoblotting. Membranes were scanned and images were analyzed and quantified using an Odyssey^®^ IR scanner and Odyssey^®^ imaging software 3.0 (LI-COR Biosciences, Lincoln, NE, USA).

4.7. RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR) {#sec4dot7-ijms-20-03471}
-----------------------------------------------------------------------

RNA isolation and qRT-PCR were performed as described previously \[[@B52-ijms-20-03471]\]. PCR primer sequences are shown in [Supplementary Materials, Table S1](#app1-ijms-20-03471){ref-type="app"}.

4.8. Xenograft Model of KGN Cells {#sec4dot8-ijms-20-03471}
---------------------------------

The animal experiment was conducted with the approval of the University of Alberta Health Sciences Animal Care (AUP00001435, approved on 12 May 2015) and Use Committee in accordance with guidelines from the Canadian Council for Animal Care. KGN/Vector and KGN/RUNX3 cells (2 × 10^7^ cells) were injected subcutaneously into the left and right flank, respectively, of female NSG (NOD-*scid* IL2R-gamma^null^) mice (7.5-week old, *n* = 6) twice over an interval of two weeks as described by Kim et al. \[[@B37-ijms-20-03471]\]. Tumor formation was monitored twice a week by palpation for 170 days.

4.9. Expression of RUNX Proteins in GCT Tissues {#sec4dot9-ijms-20-03471}
-----------------------------------------------

Institutional approval for research with human materials was received prior to the acquisition of the GCT tissues for this study (Health Research Ethics Board of Alberta Cancer Committee, \#25132 and Baylor College of Medicine IRB H-23139 and H-14435; approved on 18 February 2011, 12 May 2008, and 11 November 2003, respectively). Eleven human AGCT frozen tissues were obtained from the Alberta Cancer Research Biobank at the Cross Cancer Institute and six human AGCT, five JGCT, and two normal ovary samples were obtained from tissue repositories from the Department of Pathology at Texas Children's Hospital and the Human Tissue Acquisition and Pathology Core at Baylor College of Medicine. Tissues were homogenized for tissue lysates collection and RNA isolation. The expression of RUNX proteins in these samples was examined by immunoblotting and qRT-PCR.

4.10. Statistics {#sec4dot10-ijms-20-03471}
----------------

Data are shown as mean ± SE of at least three independent experiments. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Statistical significance between the two groups was determined by a paired *t*-test and defined as *p* \< 0.05.

We thank the Canadian Ovarian Cell Bank at the BC Cancer Research Centre for providing SVOG cells, and Yoshihiro Nishi and Toshihiko Yanase for granting us permission to use KGN cells for this study.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/14/3471/s1>.
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![Expression of runt-related transcription factor (RUNX) proteins in immortalized granulosa and granulosa cell tumors of the ovary (GCT) cell line. (**A**) The expression of RUNX proteins and core-binding factor-β subunit (CBFβ) in SVOG (immortalized human granulosa), KGN (adult GCT), and COV434 (juvenile GCT) cells was examined by immunoblotting. β-actin was used as the loading control. (**B**) Nuclear localization of RUNX proteins was confirmed using subcellular fractionation and immunoblotting. Tubulin and PARP were used as loading and fractionation controls for the cytosolic and nuclear fractions, respectively. N: Nuclear fraction; C: Cytosolic fraction.](ijms-20-03471-g001){#ijms-20-03471-f001}

![RUNX3 promotes the tumorigenic phenotypes of KGN cell in vitro. (**A**) Ectopic expression of RUNX3 in KGN cells was examined by immunoblotting. β-actin was used as the loading control. (**B**) Cell growth was determined by the neutral red uptake assay and expressed as the fold change relative to day 1. (**C**) Anchorage-independent growth was examined by the soft agar assay and the number of colonies formed by KGN/Vector and KGN/RUNX3 cells were counted. (**D**) Cell motility was determined by the scratch assay. Images were captured under the phase contrast microscope at 100× magnification. (**E**) The mRNA level of *CCND2* (cyclin D) and *CDK1B* (p27) was measured by quantitative reverse transcription-PCR (qRT-PCR) and expressed as the fold change relative to the vector-only control cells. (**F**) Cyclin D2 and p27^Kip1^ protein levels were examined by immunoblotting. β-actin was used as the loading control. Data in (**B**,**C**,**E**) are shown as mean ± SE of three independent experiments. \* Significantly different (*p* \< 0.05). Results in (**D**) and (**F**) are representative of three independent experiments.](ijms-20-03471-g002){#ijms-20-03471-f002}

![RUNX3 increases tumor formation in KGN cells. KGN/Vector and KGN/RUNX3 cells (2 × 10^7^ cells) were injected subcutaneously into the left and right flank, respectively, of female NSG (NOD-*scid* IL2R-gamma^null^) mice twice over an interval of two weeks (*n* = 6). (**A**) Image of one KGN/RUNX3 tumor is shown. The left panel shows the location of the tumor. The right panel shows the image of the same tumor at a higher magnification. The scale bar is 4 mm. (**B**) Four KGN/RUNX3 tumors were harvested, dissociated into single cells, and passaged in culture. RUNX3 expression in the tumor-derived cells was examined by immunoblotting using RUNX3 and FLAG antibodies. β-actin was used as the loading control.](ijms-20-03471-g003){#ijms-20-03471-f003}

![Inhibition of RUNX3 by a dominant--negative form of RUNX3 decreases growth of COV434 cells. (**A**) Expression of RUNX3 (1--187), a truncated RUNX3 that functions as a dominant--negative RUNX3 (dnRUNX3), was confirmed by immunoblotting using a FLAG antibody. β-actin was used as the loading control. (**B**) DnRUNX3 decreased cell growth of COV434 cells as determined by the neutral red uptake assay. The relative cell growth in each cell type was normalized to their respective day 1 controls. Data are shown as mean ± SE of three independent experiments. \* Significantly different (*p* \< 0.05).](ijms-20-03471-g004){#ijms-20-03471-f004}

![Expression of RUNX proteins in human GCT tissues. (**A**) The expression of RUNX proteins in human adult GCT tissues was examined by immunoblotting. Tubulin was used as the loading control. (**B**) The expression of RUNX2 and RUNX3 in human adult and juvenile GCT tissues, as well as the normal ovary, was examined by immunoblotting. β-actin was used as the loading control. (**C**) The mRNA level of RUNX1, RUNX2, and RUNX3 in human adult and juvenile GCT tissues, as well as the normal ovary, was examined by qRT-PCR and expressed as the relative quantification against that in the normal ovary. Data for the normal ovary and GCT tissues are shown as mean ± SD (*n* = 3 for ovary; *n* = 5 for JGCT; and *n* = 6 for AGCT).](ijms-20-03471-g005){#ijms-20-03471-f005}
